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The Determination of Relative Elemental Growth Rate
Profiles from Segmental Growth Rates'

A Methodological Evaluation

Winfried Stefan Peters2* and Nirit Bernstein
Institute of Soils and Water, The Volcani Center, P.O. Box 6, Bet Dagan 50250, Israel

Relative elemental growth rate (REGR) profiles describe spatial
patterns of growth intensity; they are indispensable for causal
growth analyses. Published methods of REGR profile determination
from marking experiments fall in two classes: the profile is either
described by a series of segmental growth rates, or calculated as the
slope of a function describing the displacement velocities of points
along the organ. The latter technique is usually considered superior
for theoretical reasons, but to our knowledge, no comparative
methodological study of the two approaches is currently available.
We formulated a model REGR profile that resembles those reported
from primary roots. We established the displacement velocity pro-
file and derived growth trajectories, which enabled us to perform
hypothetical marking experiments on the model with varying spac-
ing of marks and durations of measurement. REGR profiles were
determined from these data by alternative methods, and results
were compared to the original profile. We find that with our model
plotting of segmental relative growth rates versus segment position
provides exact REGR profile estimations, if the initial segment
length is less than 10% of the length of the whole growing zone, and
if less than 20% of the growing zone is displaced past its boundary
during the measurement. Based on our analysis, we discuss system-
atic errors that occur in marking experiments.

In developing plants growth is generally not uniform
throughout the growing organs, but is confined to distinct
zones along which diverse spatial patterns of growth in-
tensity exist (Sachs, 1874b; Esau, 1943; Erickson and Sax,
1956; Sitk and Erickson, 1979). Thus, a detailed quantitative
description of spatial growth profiles is fundamental for
physiological inquiries into the regulation of growth and
its alteration under stress conditions. Parameters involved
in the control of the growth process might be identified by
comparing spatial patterns of growth intensity with spatial
patterns of the parameter in question, whether it be con-
tents (as with nutritional elements or phytohormones),
deposition rates (as with cell wall material), catalytic activ-
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ity (as with cell wall-loosening enzymes), or others. Con-
sequently, quantitative spatial growth analysis has formed
the basis for the study of the regulation of straight elonga-
tion growth in leaves (Schnyder and Nelson, 1988; Mac-
Adam et al., 1992; Bernstein et al., 1993a, 1995), in shoots
(Silk and Abou Haidar, 1986; Paolillo and Rubin, 1991; Saab
et al, 1992), and in roots (Goodwin, 1972; Versel and
Mayor, 1985; Spollen and Sharp, 1991; Pritchard et al.,
1993). Tropic (Barlow and Rathfelder, 1985; Berg et al,,
1986; Ishikawa et al., 1991) and spontaneous curvature (Silk
and Erickson, 1978; Silk, 1989), as well as two-dimensional
leaf growth (Richards and Kavanagh, 1943; Erickson, 1966;
Wolf et al.,, 1986) and tip growth (Chen, 1973) have been
investigated using the same approach. Obviously, a highly
reliable method of spatial growth characterization is crucial
for analyses of this type.

To obtain information on spatial growth patterns, bota-
nists have performed so-called marking experiments for
almost three centuries (Hales, 1727; Ohlert, 1837; Sachs,
1874a; Brumfield, 1942). In such tests, which proved to be
particularly fruitful in the case of pure elongation growth,
segments along an organ are defined by artificial or ana-
tomical markers. Elongation growth of individual, succes-
sive segments is measured and then compared between
segments to identify zones of high growth intensity. The
relative growth rate (R) of segments was claimed to pro-
vide a particularly meaningful measure of spatial growth
patterns if plotted versus segment position on the organ
(Green, 1976), especially if the duration of the measure-
ment is kept short (Goodwin and Avers, 1956; Green, 1965;
Lockhart, 1971). Various numerical methods of estimation
of R from segment elongation data have been suggested
(Green, 1976; Pilet and Senn, 1980; Schnyder et al.,, 1988;
Bernstein et al., 1993b; Ben-Haj-Salah and Tardieu, 1995),
all of which appeal to practitioners because of their math-
ematical simplicity.

R relates the velocity of change of parameters, such as
whole plant fresh weight or organ length, to the magnitude
of the parameter at the respective time (Blackman, 1919;
Richards, 1969; Evans, 1972; Hunt, 1982). On the other
hand, it has been argued that spatial growth patterns

Abbreviation: AGR, absolute growth rate; DV, displacement
velocity; GT, growth trajectory; GV, growth velocity; R, relative
growth rate; REGR, relative elemental growth rate.
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should be described in terms of relative elemental growth
rates (REGR), which relate the change in time of the rele-
vant parameter to the position on the organ (Richards and
Kavanagh, 1943; Goodwin and Stepka, 1945; Erickson and
Sax, 1956). Both R and REGR are true rates, i.e. their phys-
ical dimension is time™". But, whereas REGR characterizes
the distribution of growth intensities in space, R describes
changes in size of material entities in time (for discussion of
the conceptual significance of this distinction, see Salamon
et al., 1973; Silk and Erickson, 1979; Gandar, 1980; Feng and
Boersma, 1995). Thus, it seems incorrect to calculate spatial
growth profiles from segmental R (Gandar, 1983b).

A method that appears more consistent with the theoret-
ical background was introduced with the now classical
study by Erickson and Sax (1956): the velocities of displace-
ment (DV) with reference to the meristem tip of marks on
a growing root were plotted versus their distances from
that tip. Such a plot is termed a velocity field, and REGR
profiles can be established by numerical differentiation of
one function, or of a series of overlapping ones, fitted to
these data. Subsequently, the conceptual importance of the
velocity field has been stressed (Erickson, 1976; Silk, 1984),
and several variants of the method have been described
(Barlow and Rathfelder, 1985; Berg et al., 1986; Sharp et al.,
1988; Morris and Silk, 1992; Zhong and Lauchli, 1993).
Unfortunately, these techniques are much more compli-
cated mathematically than the apparently inconsistent
methods based on segmental R data.

It is undoubtedly correct that R and REGR are distinct
parameters and must not be confused on a conceptual level
(Silk and Erickson, 1979). However, it is equally undis-
puted that patterns of segmental R distribution along or-
gans approach REGR profiles with decreasing duration of
measurement and decreasing segment length (Brumfield,
1942; Goodwin and Avers, 1956; Erickson and Silk, 1980). If
so, any degree of similarity of both profiles can be achieved
by optimizing experimental circumstances. To the practi-
tioner, who is interested among other things in the sim-
plicity of methods, it is then not important whether both
types of description are based on distinct, theoretical foun-
dations. Rather, the crucial question is: under which exper-
imental conditions do systematic errors become negligible
in the face of factual variance of data?

If this question is to be answered, one obstacle has to be
overcome. The quantification of growth is always based on
the determination of velocities in some form. The determi-
nation of a velocity requires at least two measurements at
two instants of time. In a growing zone every point moves
along the gradient of growth intensity, i.e. the REGR pro-
file. At any two instants of time a given point therefore
occupies different positions. Thus, any technique of REGR
determination can only yield estimates of values averaged
over a period of time, during which a given point changes
its position, DV, and REGR. Comparing different estimates,
however, cannot in principle establish which is the most
reliable one. “True” values have to be included by some
kind of calibration. It follows that the accuracy of various
methods of REGR estimation can only be tested against a
known, i.e. theoretical REGR profile (for a similar argu-
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ment regarding time courses of R, see Poorter and Garnier,
1996).

In the present study we describe a test of the reliability of
REGR profile estimations from segmental R data. Starting
from a theoretical, linear REGR profile (as it may be found
along growing roots or grass leaves), we determine dis-
placement velocities along the hypothetical axis, and we
further deduce growth trajectories algebraically. From the
trajectories we derive translocation data for points on the
hypothetical organ. This approach is a reversal of the ex-
perimental establishment of an empirical REGR profile; it
starts, as it were, with the result (REGR profile) and pro-
ceeds to the origin, namely, a primary set of point translo-
cation data. Such datasets are generated for various sets of
“experimental” conditions. They provide the results of hy-
pothetical marking experiments, which are in exact agree-
ment with the known REGR profile. To these datasets we
apply R-based methods of REGR profile estimation and
assess their accuracy by comparing the results to the
known profile.

THEORY

In the literature on quantitative spatial growth analysis,
definitions are not always consistent, nor is the formal
presentation. In the following, we therefore define terms
relevant to our study using a rather conventional notation
(for an alternative formal treatment, see Gandar, 1983a).

In the case of unidimensional growth in length, R is
defined as (Brumfield, 1942; Green, 1965; Lockhart, 1971):

_1dL _d(nL)
TLdt dat @

The average R during a period Af (from t, to t,), denoted R,
is the definite integral of R divided by At (Fisher, 1920;
Williams, 1946; Radford, 1967):

1 {*d(nL InL,~InL
J ( )dt= t n Ly
Y

R=% dt At 2)

0

To calculate R profiles in time, one may utilize Equation 1
and plot the natural logarithms of measured data versus
time. The R profile will be given by the derivative with
respect to time of a regression function of these data (func-
tional approach). Alternatively, one may calculate R di-
rectly for pairs of measurements according to Equation 2,
and plot the results versus time (classical approach; for
extensive discussion, see Venus and Causton, 1979; Hunt,
1979, 1982; Causton and Venus, 1981; Poorter, 1989).

Although Equation 2 represents “the true mean relative
rate over the whole period” (Richards, 1969), Equation 1
was occasionally employed instead to yield estimates of R,
which we denote R’. To become applicable to experimental
data, Equation 1 has to be rewritten as a difference
quotient:

- 1AL
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Note that L is unambiguous in Equation 1, because it refers
to an infinitely small step of change, dL. In contrast, in
Equation 3 L may relate to the finite step AL in various
ways. Therefore, it has to be defined by the index r. With L,
being either the initial length, L,, the final length, L,, or the
average length, L,, of a growing organ or organ segment
during the period of observation At (compare with Fig. 4),
we simplify Equation 3 into:

forL, =L Ro= (L)L 4
or L, = Lg - LO At (a)
forL, =L Reo(1-2)L 4b
or L, = Ly - L( At ( )
= 2(Lr_Lo)
— 1A
forL,= L, R A+ Ly) (4¢)

It can be shown that if growth really occurs (i.e. L, > L),
Equation 4a always overestimates, whereas Equations 4b
and 4c always underestimate R.

R can be determined for individual segments marked on
a plant and can be plotted versus segment position to
demonstrate spatial patterns of growth intensity. However,
for theoretical reasons the treatment of growing areas as
“deformation zones” described in terms of a spatial refer-
ence system appears preferable (Silk and Erickson, 1979;
Gandar, 1983a). To visualize the concept in a simple case,
we consider an axis z as a one-dimensional reference sys-
tem, used to describe a real, linear object. On the object a
finite deformation zone exists, in which the DV dz/dt of
any point with respect to the reference axis z, changes as a
function of z. This criterion is met by linear growing zones
in elongating plant organs. The longitudinal distance be-
tween any two points on the organ will change with time if
at least part of the growing zone is situated between the
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Figure 1. Model profiles of REGR (solid line) and DV (dashed line)
along an axis z. The REGR profile was generated by a polynomial
equation (see “Methods”); its integration yielded the DV curve. The
axis z is a spatial reference system relating to the longitudinal axis of
a unidirectionally growing plant organ. The mode! resembles REGR’
profiles found in Zea mays primary roots; it illustrates the spatial
distribution of growth intensity. The DV curve describes the velocity
by which a point on the root is displaced from the origin. The stable
DV value beyond the growing region corresponds to the organ GV
(GV iy arrow on right ordinate).
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Figure 2. GT (i.e. paths of points in a plot of position versus time) for
a series of points p;;,, equidistantly spaced 1T mm apart along the tip
of a growing organ at time 0. GTs were calculated from the DV curve
in Figure 1 as described in the text. p,,, which corresponds to the
meristem apex of the root, is stationary (note that the longitudinal
axis z is plotted on the ordinate, in contrast to Fig. 1). When a point
leaves the growing region, its DV becomes constant, and the corre-
sponding GT becomes linear. The difference between the spatial
coordinates of the trajectories of two points p;, and p;_;, equals the
length of a segment L;, which is confined by these points, at the
respective time. Segment length, initially identical for all segments,
changes with time in dependence of the initial position of the seg-
ment.

points. The deformation can be expressed as a “velocity
field,” i.e. a plot of DV versus z (Fig. 1, Goodwin and
Stepka, 1945; Erickson and Sax, 1956). The slope of the DV
curve is the intensity of deformation, or REGR (Fig. 1):

dDV  d dz

REGR=——=Z @ ®)

The DV of a point also describes the instantaneous velocity
of elongation of the segment confined by this point and the
origin of z. It is equivalent to the AGR (Richards, 1969;
Erickson, 1976) of the segment. However, the use of the
term “rate” for parameters of different dimensions (time ™!
or velocity) has caused some confusion. We will use the
unambiguous term growth velocity (GV) when referring to
AGR.

Paths of individual points in a plot of z versus time are
termed growth trajectories (GT). Provided the DV curve is
time invariant, the trajectory function is the integral of
reciprocal DV (Erickson and Sax, 1956):

1
GT = f m dz (6)
Because DV equals 0 at z = 0 (Fig. 1), GT would reach z =
0 only when time = —c. Time 0, therefore, must be defined

as corresponding to a value of z other than 0, by choosing
an appropriate integration constant. By plotting GT for a
series of integration constants, trajectories for a series of
points with different initial positions are obtained (Fig. 2).
The difference between trajectories of two points p;, and
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P—1, corresponds to the length of the segment confined by
these points, L. Figure 3 shows a series of Ly, plotted
versus time, each calculated from a pair of trajectories
given in Figure 2. It cannot be emphasized enough that the
validity of point trajectory and segment length calculations
depends critically on the assumption of time-invariance of
the DV profile.

For reasons given above, empirical REGR values can
only be estimates; we will indicate their approximate char-
acter by denoting them as REGR'. To experimentally es-
tablish REGR' profiles, one has to start from measurements
of point displacements (Fig. 4). At a given time a point p;,
is characterized by its longitudinal coordinate z(p;,). The
average DV of a point, DV(p;)), during an interval At is
given by

DV(p,) = 20l 200 )

where indices 0 and t denote the start and end of Af,
respectively (Fig. 4). Regression analysis can be applied to
DV plotted versus z. The REGR’ profile then can be deter-
mined as the derivative of the regression function (Erick-
son and Sax, 1956; Erickson, 1976; Zhong and Lé&uchli,
1993).

As an alternative to using the axis z as a reference, the
movement of each point can be described relative to a
neighboring one. This amounts to a description of organ
growth in terms of changes of L, of a series of individual
segments. Although L;, can be defined by the positions of
the confining points with reference to z (Eq. 8; compare
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Figure 3. Elongation of segments L, calculated as the difference of
pairs of growth trajectories (see Fig. 2), plotted versus time. Segment
elongation curves are sigmoidal and level off when the confining
points exit the growing zone. The apical segment L, does not follow
this pattern, because the trajectory of p, is unique in retaining a time
invariant value of z. L, therefore increases constantly (see inset
graph at increased scale). As time proceeds, segments located more
apically successively become the longest, as indicated by curves
crossing over. Thus, the highest value of segmental mean relative
growth rate “moves” apically with time, which bears consequences
for the construction of REGR’ profiles (see text for details).
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Figure 4. Definitions of terms used to describe marking experiments.
A growing root tip is sketched at initial time O and a later time t. Two
points p; and p;_,, are marked on it; their positions are character-
ized as distances from the apex, measured along the longitudinal axis
z. As a result of growth during the period At, the points move from
their initial positions z(p;, o} and z(p(iq):o) to new positions z(py; )
and z(p;_,, ), respectively. The length of a segment confined by py,
and p;_;),, we denote L , at time 0 and L, at time ¢, respectively.
The average length we call Lj o . For the purpose of plotting the
results of the marking experiment versus position z, we define the
midpoint my, of the segment Lg,. The average position of this mid-
point, which refers to L, ,, we denote my .

Figs. 2 and 4), it is more easily measured directly, i.e.
independent of z.

Ly = z(pg) — 2(pg-1) (8)

During At the length of the segment changes with an
average GV(L,). We can express this formally by referring
to z (Eq. 9a), or independently of z, (Eq. 9b).

GV(L(i)) = DV(P(i)) - DV(P(i—n) (9a)

ALy _ Lo~ Lao
At At

It will be noted that by combined application of Equations
2, 7,8, and 9 velocity fields can be transformed into series
of segmental R and vice versa.

METHODS

We formulated a model of a linear REGR profile along an
axis z with one finite, terminal deformation zone, using a
third-order polynomial

REGR = f(z) = a + bz + c2* + d2° (10)

A domain of validity of Equation 10 was defined between
two of its zero-points, corresponding to the limits of a
growing zone. Beyond these limits, REGR equals 0 by
definition. Position z = 0 represents the lower limit; here
the REGR value is defined by setting a = 0. The upper limit
is given by a zero-point, which also is a minimum; thus a
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smooth transition from the growing zone (domain of va-
lidity of Eq. 10) to the nongrowing region is ensured. For
the purpose of the present study the model would not
necessarily have to be similar to any empirical REGR’
profile. However, to emphasize the study’s practical rele-
vance, constants were adjusted to let the model resemble
the REGR' profile found in Zea mays L. primary roots
(Erickson and Sax, 1956; Pahlavian and Silk, 1988; Sharp et
al., 1988; Pritchard et al., 1993). The model is shown in
Figure 1; the coefficients are a = 0, b = 0.24409 (rounded),
¢ = —0.04419, and d = 0.002.

Algebraic integration of the REGR profile gave the DV
profile (Fig. 1). Likewise, the trajectory function was found
by algebraic integration (integral from Weast and Astle
[1982]) of the reciprocal DV function. Trajectories were
calculated for initial positions between 1 and 15 mm in
0.0625-mm steps (examples shown in Fig. 2), and were
used to calculate time-dependent changes of segment
length for six initial segment sizes between 0.0625 and 2
mm, and for eight time intervals between 0.1 and 9 h. From
these data segmental R were calculated for the 48 combi-
nations of initial segment length and measurement dura-
tion using published methods as specified. Segmental R
were plotted versus segment position. The resulting REGR'
profiles were compared with the theoretical REGR curve,
from which the elongation data had been derived. For
qualitative comparison computer-made splines (“smooth
free-hand curves”) were plotted to fit the REGR’ data. For
quantitative comparison sixth-order polynomial regression
analysis was calculated for the REGR’ profiles, and devia-
tions of four descriptive parameters were determined: (a)
position of the peak, as calculated from the first derivative
of the regression function; (b) REGR' value at the peak, as
calculated directly from the regression function; (c) organ
GV, calculated as the definite integral of the regression
function, limited by position z = 0 and position z of the first
positive zero-point of the function; and (d) growing zone
length, given by position z of the first positive zero-point of
the function.

Alternatively, trajectories were used to calculate point
displacements for given time intervals, and DVs for indi-
vidual points were determined. Various types of regression
analysis were applied to plots of DV versus z. The resulting
functions were differentiated to yield REGR’ profiles.

Calculations, plotting of functions, and statistical analy-
ses were carried out using standard software, such as
QuattroPro (version 3.00, Borland, Cambridge, UK), FigP
(version 6.0c, Biosoft, Cambridge, UK), and SigmaPlot (ver-
sion 5.00, Jandel, San Rafael, CA).

RESULTS AND DISCUSSION
Peak Shifts and “REGR’-Compounding”

There are only a few published comments on the nature
and magnitude of systematic errors involved in various
methods of REGR' profile determination. In a study on
Phleum pratense L. root growing zones, Goodwin and
Avers (1956) reported that the peak position of the esti-
mated REGR’ profile was shifted toward the apex when

long (>0.5 h) durations of measurements (Af) were em-
ployed. Moreover, REGR’ values appeared to increase
with increasing At. Erickson and Silk (1980; reproduced in
Silk, 1984) demonstrated the same effects. They suggested
that both the shift of the peak toward the apex and the
increase of REGR’ peak values were caused by unsuitably
long At and inappropriately great initial distances be-
tween marks. Similarly, Paolillo and Sorrells (1992) raised
the question of whether REGR' profiles derived from
segmental R could generally be affected by “technical
deficiencies in the reporting and analysis of data derived
from marking experiments.” They argued that the com-
bined effect of the time-dependent overestimation of
REGR values, which they termed “REGR’-compounding,”
together with the movement of segments out of the grow-
ing region in long-term experiments, could actually create
false peaks.

However, one may doubt whether the above arguments
apply to marking experiments in general. First, it is intu-
itively evident that the average growth intensity in a seg-
ment moving along a growth intensity gradient cannot
possibly be greater than the highest intensity occurring in
this gradient. It follows that any systematic overestimation
of segmental R in marking experiments, such as “REGR’-
compounding” in the sense of Paolillo and Sorrells (1992),
can only be due to inconsistent methods of R calculation.
Moreover, if At increases, the period during which a seg-
ment is localized at or near a peak of growth intensity
shortens relative to the whole period. We would therefore
rather expect REGR’ to underestimate true REGR peak
values with increasing At. Second, it remains unclear how
an acropetal shift of the REGR’ profile peak could occur as
aresult of increased At. During a marking experiment, as is
schematically presented in Figure 4, marked segments
change their position on the axis. The average R, by which
a segment grows during the period At, obviously corre-
sponds to the growth intensity averaged over the whole
distance the segment traverses during At. It therefore ap-
pears plausible to choose the segment’s average midpoint,
mg, o (Fig. 4) as the “segment position” when plotting
segmental R versus z (Chen, 1973; Green, 1976). Notably,
average midpoints m, , travel away from the meristem
with time. We would therefore expect the peak of the
REGR’ profile to move away from the meristem instead of
toward it when At increases.

The above arguments were tested. Displacement data
provided by our model for points initially spaced at
0.25-mm intervals along the axis were used to calculate
segment length changes for a variety of measurement du-
rations. We then calculated segmental R by Equation 2. To
obtain REGR’ profiles, segmental R were plotted versus z,
with either the initial midpoints m,, (Fig. 5A), or the
average segment midpoints mg, o (Fig. 5B) defining seg-
ment position. In Figure 5A the peak indeed is seen to shift
toward the meristem tip with increasing At. This is because
during an experiment, more apical segments successively
become the longest (compare with Fig. 3), and therefore
have the highest value at the respective time. Thus, the
apparent peak will move toward the meristem if the move-
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Figure 5. REGR’ profiles obtained by plotting mean segmental rela-
tive growth rates (R; calculated for various durations of measurement
between 0.25 and 9 h as indicated, with constant initial segment
length 0.25 mm) versus z. Segment position was determined as the
initial midpoint my, , in A, and as the average midpoint my;, , in B. In
both plots the true REGR profile is indicated by the dashed line. Solid
lines are computer-made free-hand fits. Original datapoints are plot-
ted for one curve in both A and B to give an impression of the
accuracy of fit; datapoints of other curves were omitted for clarity.
Peak shifts and changes in apparent growing zone width occur
time-dependently in both plots, but in opposite sense. A better fit is
achieved when plotting data as in B (compare e.g. the curves for At =
1 h).

ment of the segments during the period At is not accounted
for. Figure 5B demonstrates how to minimize the problem
by plotting segmental R versus average segment mid-
points. As we expected, the peak shifts away from the
meristem with time. However, the magnitude of shifting of
the peak is much lower in Figure 5B if compared with
Figure 5A. In the following, all estimated REGR’ profiles
are therefore produced by plotting segmental R versus
average segment midpoints.

In accord with the expectations formulated above, the
true peak value is increasingly underestimated with in-
creasing At (Fig. 5). “REGR’-compounding” (as defined by
Paolillo and Sorrells, 1992) does not occur. However, if one
of the versions of Equation 4 is used to estimate segmental
R values, the situation is different. Figure 6 shows R’®, R’
and R'*, respectively, plotted versus R. R’® overestimates R
depending on both At and, in a nonlinear fashion, on R
itself (Fig. 6A). Identical characteristics with altered signs
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apply to the underestimation of R by R'* (Fig. 6B), and, to
a lesser extent, to R'* (Fig. 6C). Such effects do not occur
when R is plotted versus R in the same manner, for obvious
reasons (if R does not change with time, both parameters
are identical; Egs. 1 and 2).

“REGR’-compounding” as a result of plotting R'® versus
segment position is demonstrated in Figure 7. It is not
entirely clear from the literature whether the notion that
increased At inevitably leads to overestimations of REGR
values (i.e. REGR’-compounding) in marking experiments
is based on the inappropriate application of Equation 4a.
Our analysis, however, suggests this.
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Figure 6. A, Overestimation of R by R’® (Eq. 4a). R’®, Calculated for
unit length elements growing at constant R for 0.5, 1, 2, and 3 h,
respectively, is plotted versus R (solid lines); the bold, dashed line
represents complete agreement (R’® = R). The overestimation of R
increases with the duration of measurement. The relative overesti-
mation is dependent on R in a nonlinear manner; fine dashed lines
show deviations in percent of the actual R (only given for 0.5 and
1 h). B, Underestimation of R by Rt (Eq. 4b); details as in A. The
curves are mirror images of the ones shown in A. C, R"* (Eq. 4c) for
At of 2, 4, and 6 h plotted versus R. Details as described for A. R'A
underestimates R, depending on the measurement duration and the
actual R value. The underestimation for a particular measurement
duration and R value is not as severe as it is with R'* (B).
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Figure 7. The phenomenon of “REGR’-compounding.” Elongation
data of segments initially 0.25 mm long were calculated from our
model for measurement durations of 0.5, 1, and 2 h, respectively. R’®
of the segments was calculated and plotted versus position given by
average segment midpoints (open symbols). The effects character-
ized in Figure 6A lead to the distortions of the profile compared with
the true one, which is plotted as a solid line. The time-dependent
overestimation of REGR has been termed “REGR’-compounding.”
For comparison, R calculated for the segment elongation data for 2 h
duration of measurement is also plotted (solid circles); no “REGR’-
compounding” is evident in this case.

Quantification of Errors

From the above discussion we infer the following: (a)
Segmental R should be calculated as true mean values (Eq.
2). This follows from mathematical reasoning (Fisher, 1920;
Williams, 1946), but apparently has been overlooked occa-
sionally (compare Radford, 1967). (b) Segmental R should
be plotted versus average segmental midpoints to mini-
mize shifts of the REGR’ profile’s peak. Our analysis thus
corroborates earlier suggestions by Green (1976).

Even if REGR’ profiles are produced from segmental R
as suggested, some systematic error is unavoidable. Figure
8 characterizes the dependence of systematic errors on
initial segment length (Ly) and duration of measurement
(At). REGR’ profiles were calculated from segment length
data generated by our model (see “Methods” for details).
Deviations from the true profile of these estimations are
expressed as the relative deviation of peak position, peak
value, growing zone length, and organ GV. Intuitively, one
would expect errors to increase with both initial segment
length and At. This is indeed the case with peak value (Fig.
8A) and growing zone length (Fig. 8B). The latter shows the
greatest relative deviation of all parameters considered (see
Fig. 5B for an example of the significant increase of appar-
ent growing zone length, particularly at high Af). In con-
trast, deviations from the true value of estimates of organ
GV show influences of two opposite tendencies (Fig. 8C).
The value is decreased by the lowering of the apparent
peak, particularly at high initial segment length (compare
Fig. 8A). On the other hand, it is increased by the apparent

lengthening of the growing zone (compare Fig. 8C), espe-
cially at long measurement durations.

The shape of the graph of deviation of peak position
(Fig. 8D) calls for an explanation. One has to recall that the
shift of the apparent peak away from the apex is due to
the movement of average segment midpoints that define
segment position in the plots. DV of any average segment
midpoint obviously equals the mean of the DV of the two
points confining the segment (see Fig. 4). This implies that
the average midpoint of the first segment (L., compare

PEAK VALUE GROWING ZONE LENGTH

DEVIATION (%)
DEVIATION (%)

O @

DEVIATION (%)

DEVIATION (% of GZL)

ORGAN GROWTH VELOCITY

PEAK POSITION

Figure 8. Quantitative comparison of the model REGR profile with
REGR’ profiles estimated from segmental R, calculated from point
displacement data generated by the model. Segmental R was calcu-
lated by Equation 2 and was plotted versus segment position defined
by average segment midpoints my, . Sixth-order polynomial regres-
sion was applied to yield REGR’ profiles. Deviations of four descrip-
tive curve parameters were calculated as described in “Methods” and
plotted versus initial segment length and measurement duration (A-
D). Note different scales of axes. A, The peak value of the REGR'
profile diverges less than 1% from the true value with initial segment
lengths not exceeding 1 mm, and durations of measurement of 1 h or
less. Beyond these limits, the error dramatically increases. B, Over-
estimation of growing zone length depends on both initial segment
length and duration of measurement over the whole range tested. The
relative dependency of the deviation on measurement duration is
somewhat stronger than on initial segment length. C, Organ GV is
overestimated the more the longer the duration of measurement is.
This effect is due to the dramatic rise of apparent growing zone
length when measurement durations increase (see B). The decrease
of the estimated growth velocities with increasing initial segment
length is caused by the underestimation of the peak value under
these conditions (see A). D, Deviation of peak position of REGR’
profiles from the position in the true REGR profile is given as per-
centage of the growing zone length (true value). Deviations were
small (<1%) for initial segment length not exceeding 1T mm and
durations of measurements less than 2 h. The decrease in relative
error in long-term measurements with high initial segment length is
due to increased influence of the first segment on the form of the
regression curve; for details, see text.
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Fig. 2) will always move slower than any other, because
one of its confining points (i.e. the apex) is stationary by
definition. As with time the first segment becomes longer
relative to the other segments (see Fig. 3), it gains influ-
ence on the position of the peak in the regression analysis.
Eventually it “pulls back” the peak toward the apex to
some extent, because it lags behind the movement of all
other segments. Thus, the peak shift away from the apex
is partly reversed, as seen in Figure 8D.

Figure 8 shows that the suggested method of REGR’
profile estimation applied to data generated by the model
“root” yields acceptable results for a surprisingly wide
range of experimental conditions. An initial segment
length of 1 mm and a measurement duration of 1 h would
appear to be “sufficiently instantaneous and elemental”
(Erickson and Silk, 1980); once these values are exceeded,
the profile becomes unacceptably distorted. Fortunately,
the values are easily met in real experimental protocols
(e.g. Silk et al., 1984). However, it must not be dismissed
that naked numerical values bear meaning only in the
context of the analytical methods we employed. If, for
example, types of regression analysis other than the sixth-
order polynomial we used would be applied to the plots
of segmental R versus z, slightly different figures would
result. Nevertheless, the general conclusion would re-
main.

One might be tempted to express the sufficient condi-
tions for reliable data to result from the method applied to
our model (i.e. Ly o = 1 mm and At < 1 h) in more general
terms. For example, one would conclude that the method
works nicely as long as the initial segment length is less
than 10% of the length of the whole growing zone, and the
duration of measurement does not exceed the time re-
quired for roughly 20% of the initial growing zone to be
displaced past the growing zone boundary. It would follow
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that results from experiments in which these values are
exceeded are probably meaningless. Although this might
be an acceptable rule of thumb in the case of profiles that
resemble our model, it has to be remembered that signifi-
cantly narrower margins might be applicable in other
cases.

Differentiation of the Velocity Field

The segmental-R-based method of REGR' profile estima-
tion discussed by Green (1976) and further analyzed in the
present paper yields satisfying results without requiring
anything more complicated mathematically than the estab-
lishment of natural logarithms of the primary data. On the
contrary, REGR’ profile determinations from DV data in-
clude advanced methods of regression analysis and the
application of differential calculus. To the practitioner it is
of interest whether the surplus of complexity in the latter
method results in a gain of accuracy. Apparently, this is not
necessarily the case. As an example, Figure 9 shows veloc-
ity fields calculated for an initial segment length of 1 mm
and four different At. Sixth-order polynomials were fitted
to the DV data, and their derivatives are shown as REGR’
profiles. As in the case of the R-based method, a lowered
peak shifted away from the origin, and an increased grow-
ing zone length are the most conspicuous time-dependent
distortions. We detected no significant difference in the
accuracy of both methods. It may be argued that the sixth-
order polynomial regression applied to the DV plots might
be inadequate. However, inspection of fitted curves in the
DV plots (Fig. 9) does not support this idea. Moreover,
fitting of neither higher polynomials nor the Richards func-
tion (Richards, 1959; Causton and Venus, 1981) yielded
better results (not shown).
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Figure 9. Displacement velocities calculated for four different time intervals for points initially T mm apart are plotted versus
average point position (upper row). Curves fitted by sixth-order polynomial regression are shown as solid lines; the
theoretical DV curve is also shown (dashed line). REGR’ profiles were determined as the derivatives of the fitted DV curves

(lower row); dashed lines indicate the true REGR profile.
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CONCLUSIONS

Three conclusions can be reached. First, the practical
significance of the distinction between spatial and material
reference systems (Gandar, 1983b) appears to have been
overestimated, as far as the reconstruction of spatial
growth patterns is concerned. Second, problems such as
“REGR'-compounding” (Paolillo and Sorrells, 1992), occa-
sionally ascribed to methodological deficiencies of marking
experiments in general, are avoided if appropriate numer-
ical methods are applied. Third, the claim that any deter-
mination of REGR’ profiles is based on measurements of
displacement velocities (Silk, 1984) must not be miscon-
strued to mean that “correct” REGR’ profiles are only
found by differentiation of the velocity field. Segmental
growth can be quantified formally both dependently and
independently of the displacement velocities of the two
points confining the segment. Transformation of a velocity
field into a series of segment elongation data and vice versa
thus is merely an arithmetical act. There is no need to go
through the often cumbersome procedure of regression
and differentiation of the velocity field when a less com-
plicated technique based on segmental growth measure-
ments is available.

Our study suggests that the method advocated by Green
(1976), which consists simply of plotting segmental R ver-
sus average segment midpoints, represents such an alter-
native. Its value as a mathematically simple standard tech-
nique can be further increased by routinely including the
following additional checks for accuracy. The most pro-
nounced systematic error occurring with this method is
probably the overestimation of the growing zone length
(Fig. 7). The same primary data that was used to estimate
the REGR’ profiles may also be plotted as segmental length
increments versus initial segment position. Such increment
plots are accurate regarding the growing zone length
(Sachs, 1874b), and thus allow an assessment of the reli-
ability of the REGR’ profile. A more complicated test for
accuracy can be based on the average organ GV (GV,,; see
Fig. 1) during the duration of the experiment. This param-
eter can be measured independently; it equals the definite
integral of the REGR profile along the growing zone.
Significant differences between the values would indicate
serious analytical errors.

In the present study we tested the reliability of methods
of REGR profile estimation using a simple, theoretical
model. Such models allow a quantification of systematic
errors involved in the procedure of REGR’ profile deter-
mination. An experimenter may decide for maximum ac-
ceptable systematic errors, depending on the variance of
data in real experiments. In this case a model facilitates the
definition of experimental protocols under which these
demands are met. However, a number of serious problems
still remain unsolved. For example, secondary features of
REGR' profiles, such as shoulders, secondary peaks, etc.,
have repeatedly been described (e.g. Goodwin, 1972;
Salamon et al., 1973). It will be of interest to see under
which conditions any of the different methods reliably
detects secondary features of the “true” profile, and how
these can be distinguished from random error. We suspect

that a method based on segmental R will prove superior in
detecting profile shoulders and secondary peaks; in the
velocity field secondary features appear only as slight
changes of slope, and thus might fall victim to the “poor
human perception of slope and slope change” (Silk, 1984).
A test of this hypothesis will also require a characterization
of the methods’ stability against statistical variance in pri-
mary data from real measurements. Studies aiming to solve
these problems by using more complex models are in
progress.
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